Abstract: This paper presents the evolution in the strategy to assess the reliability of III-V solar cells and a new thermal ageing test carried out over GaAs single junction solar cells at three different temperatures (130, 150 and 170ºC). The perimeter of the solar cells has been protected with silicone, which seems to be an effective way of enhancing the reliability of the solar cells. A preliminary analysis of the results indicates a mean time to failure (MTTF) one order of magnitude larger than the one obtained in a previous thermal test with the perimeter uncoated.
INTRODUCTION
Photovoltaic concentration has proven to be an effective means for reducing the costs of photovoltaic electricity production [1] . In recent years, significant advances have been made in the field of III-V highconcentrator solar cells, achieving peak efficiencies of 32.6% at 1000 suns for a dual junction solar cell [2] and 41.6% at 236 suns for a triple junction solar cell [3] .
These satisfactory results have crystallized into the first commercial ventures of concentration photovoltaic systems based on III-V solar cells. Representative companies can be found around the world [4] [5] [6] [7] [8] [9] [10] [11] [12] . At present, there is a total amount of more than 17 MW of concentrator photovoltaic (CPV) systems installed in the world, from which more than 4 MW are based on III-V solar cells [13] .
Silicon flat modules are reliable systems that have been deployed in field applications for more than 30 years. Nowadays, silicon manufacturers' warranties usually extend to 25 years of use, and are expected to increase to 30 years in the near future [14] . If CPV systems are to compete with silicon flat modules, they must be covered by similarly extensive warranties. Before such extensive warranties may be issued, however, the reliability of these devices must first be confirmed.
The CPV community, aware of this situation, has made an important effort in the last years to solve this problem. As a result of this, a couple a years ago, a qualification standard for CPV modules and assemblies saw the light [15] . However, even though qualification and degradation are of great importance, it must be kept in mind that reliability is a completely different issue. Reliability tests should be directed not only to determine how long devices are going to live, but the way in which these devices are going to live. In other words, reliability is also interesting in knowing the probability distribution of failure in nominal conditions of operation First studies have been carried out in an effort to characterize the reliability of III-V concentrator solar cells. In view of the similarities between some type of III-V concentrator solar cells and light emitting diodes (LEDs), the lifespan of CPV solar cells was predicted to be characterized by, at least, a mean time to failure (MTTF) of up to 10 5 hours [16] (equivalent to 34 years assuming an average of 8 hours of operation per day). This lowest MTTF value prediction has been recently corroborated by an step-stress accelerated ageing test in which a functional MTTF persisted longer than 69 years with a 90% unilateral confidence interval [17] .
The failure analysis showed that the uncoated solar cells failed because of perimeter shunting.
This work presents a new test which has been carried out over GaAs single junction solar cells. Among other improvements with respect to the test carried out in [17] , these cells have been covered with a silicone in order to protect the perimeter, as this was the location of the failure in that previous accelerated ageing test. First results are already available showing a power degradation of less than 2.5% after a testing time extrapolated to 65ºC of about 3.92·10 6 h.
STRATEGY
A working plan has been defined to carry out the reliability assessment on concentrator solar cells as FIGURE 1 shows. This plan consists of real time tests and accelerated ageing tests. The accelerated tests allow to shorten the time to evaluate the reliability of a device; the real time tests allow to determine if the stress factor introduces failure modes that would never happen in real operation. Considering the accelerated ageing test, the step-stress temperature ageing test (stage 1) and laser soaking (see FIGURE 1) have been already carried out over GaAs single junction cells. In a next stage, we will combine both tests at the same time to evaluate the whole action of increasing light and temperature. In a short future these tests will be done over double and triple junction solar cells. The test presented here, is a new attempt to overcome the failure modes encountered in the first temperature ageing test. The first set of reliability studies have been conducted on bare III-V concentrator solar cells, but the reliability of the module has not yet been determined.
Therefore we have also focused our testing working plan in assessing the reliability of the module, not only to gain insight into this point, but also to determine the real time evolution of the device. We have developed a statistical model for assessing the reliability of a photovoltaic module based on degradation data. The mentioned model has been applied to an ad hoc manufactured CPV module, in which independent electrical access was provided to each receiver in order to evaluate the performance over time without the masking effects that a series or parallel connection configuration may introduce [18] . FIGURE 2 shows the tracked installed on the flat-roof of the Instituto de Energía Solar -Universidad Politécnica de Madrid (IES-UPM). 
EXPERIMENTAL
The test carried out in [17] revealed some technological situations that were responsible for the failure. Small size high concentrator solar cells (about 1 mm 2 ) present a high perimeter/area ratio. It is well known that one of the most important defects that can be found in a crystal is the free surface, because of dangling bonds and surface reconstruction. For this reason the exposed perimeter is an ideal place for the chemical reaction with environmental agents to be enhanced as well as a priority place for defects to migrate. One of the main purposes of this stage 2 in temperature ageing test is aimed at overcoming this situation. The assembly of the cells used in this test features the following characteristics: 1) Encapsulation on Direct Bonded Copper (DBC) substrates to increase the thermal dissipation. 2) Encapsulated cells are attached to an aluminum box with a thermal-conductive adhesive. 3) Cells were covered with silicone, to simulate the real situation of a cell inside a secondary optics in a concentrator, which in addition protects the cells, in particular their perimeter. FIGURE 3 shows an image of the solar cells inside the climatic chamber, in which some of the previous features can be identified. The boxes the cells were attached to were covered with a glass to guarantee a flat surface and avoid the curvature caused by the surface tension in the silicone, allowing thus all the cells to be measured under illumination in the same conditions. FIGURE 4 shows a detail of the setup in which climatic chambers can be seen. Working conditions were simulated by forward biasing the solar cells at the same current level their perimeter would handle at two concentrations: 700 and 1050 suns. 
RESULTS
The power of every solar cell has been normalized to its initial value, providing an assessment independent of the initial dispersion and, after 4000 hours power, losses in the range from 2 to 5% have been stated. FIGURE 5,  shows the normalized power evolution for one representative cell at 150ºC, in which the power loss is approximately 2.7% after 4000 hours.
In the previous thermal ageing test, failure was defined as a power loss of 10% with respect to its original value [17] . In this test, this value has revealed to be too high and a new value of 2.5% seems to be more suitable according to the power evolution of the cells tested. As the solar cells have been measured in darkness, inside a climatic chamber, we have used a method to extrapolate the illumination I-V curve from the dark one [19] . FIGURE 5 shows a graph of the normalized power evolution for one representative cell tested at 150ºC. Assuming the failure at a power loss of 2.5%, and taking into account low degradation rate for such a long test, a preliminary analysis of the results indicates a value of the MTTF one order of magnitude larger than the one obtained in the thermal test-stage 1, with the perimeter uncoated (2.05·10 5 h, i.e. about 70 years assuming 8 hours of daily working on average in a year [17] ).
To determine the cause of failure, the dark I-V curves simulated with a software tool based on a distributed 3D model [20] . FIGURE 6 shows the dark I-V curves before and after the test for one of the cells tested at 150ºC. A/cm. Therefore, the perimeter protection seems to be a good way of enhancing the reliability of the solar cells. 
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